3. ANTIPROTON SOURCE PERFORMANCE AND PROJECTIONS*

3.1 Current Performance and Required Improvements

Figure 3.1 showshe general layout of the Antiprotddource. Abrief review of antiproton
production is given here in order to define terms. Apls&e-long pulse train of 82 bunches of 120
GeV/c protons is focused to a small spot size on a nickel target. Antiprotons producedaoyer a
spread of angles and energeesitered about therward direction and 8 GeV areollected and
focused by a lithium lens into the AP2 beam line. At the end of the AP2 beam line, thggcieel
into the Debunchering, wherethe antiprotorbunchesare rotated anddiabaticallydebunched to
form a dc beamThe dc beam is then stochastically cooledain3 dimensions by 2-4 GHz
systems.The beam is thetransferredvia theD/A line to the injection orbit of théccumulator
ring. Inthe Accumulator, eachulse ofbeam isrf-stacked to theentral orbit (the stactail) and
then stochastically stacked in momentum space to the core orbit of the Accumulator. There are 9
separate stochastic cooling systems in the Accumulator: 1-2 GHz stack tail momesntioad, and
horizontal, 2-4 GHzcore horizontal, vertical, and momentum, af@ GHz core horizontal,
vertical, and momentunsystems. (The stacktail horizontal system is currentlysed for
longitudinal cooling.) When a sufficient number of antiprotohasbeen accumulated in the core

(usually 80-2081019), stacking is stopped and the core is cooled to as high a density as possible.
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Figure 3.1. Antiproton Source Layout
Beam is then extracted from the Accumulator viaARS line andinjected into theMain Ring

for acceleration and injection into the Tevatron. Typicdlj%6 ofthe stack is extracted gix 1.5
eV-sec h=2 bunches. Table 3.1 lists some relevant machine parameters.

* Last revised on August 5, 1998.
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Table 3.1. Debuncher and Accumulator parameters

Accumulator Debuncher
Central Momentum (MeV/c) 8815. 8883.
Revolution Frequency (MHz) .628820 .590035
Circumference (meters) 474.4 505.2
Frequency slip factay -.023 -.006
Momentum Aperture 2% 4%
Transverse Aperturegmm-mrad) 7-12 24 - 28
Maximum Dispersion (meters) 10.0 2.1
Maximum 3 function (meters) 33. 20.
Stochastic Cooling Bands (GHz)| 1-2, 2-4, 4-8 2-4

3.1.1 Antiproton Source Performance

During ColliderRun 1bthe AntiprotonSource hasdeen able to stack as much asx1@0

antiprotons per hour amall stacksizes (<581019) with 3.2x10'2 protons/pulséncident on the
production target ever.4 secondsThefirst column of Table 3.2 showsbeam intensities and
efficiencies atvarious stages dhe antiproton collection and coolipgocess for Run 1b. Ithis
table transverse emittances are the 95% real (unnormalized) emittances.

At large stacksizes,the stacking ratelrops due to adverse effects of the stdakk cooling
system in the Accumulator. Specifically, as the stack govevsthe core coolingystemscannot
overcome the transverse and longitudinal heating due to thetatatlomentumsystem.Beam is
then lost longitudinallyby rf phasedisplacement of the sta¢éil beamback towardhe injection
orbit) and transversely. Thisffect is shown in Figure3.2. The stacking rateloes not drop
noticeably until the core exceeds aboukB0L0. In practice, the stackingate is optimized by
decreasing the pulse repetition rate as the stackgcoves. During ColliderRun 11, the maximum
stack size is expected to be 100340

In preparation for extracting antiprotons, stacking is stopped ar&tthenulator core beam is
stochastically cooled iall 3 dimensions as much gmssible. Figure 3.&nd Figure3.4 show
transverseemittanceand oy, as a function of stack size just prior to antiproton extrac#diné
Accumulator core coolingsystemsare used in thisprocess. For &tack size of 181010
antiprotons, extrapolated emittances arer@40.61 mm-mrad (4tto 61 normalized) anar, = 2

to 3 MeV. Thetransverseemittance is wellwvithin the 10t mm-mrad (normalized) and more than
95% lies within the 10 eV-sec specifiédr transfers tdhe Recycler.However, the current core
cooling systems performance will be degraded by a factor of about 2heithccumulatofattice
change (the mixing factor iworse by afactor of 2)Furthermore, it should baoted that the
emittances quoted are asymptotic emittances obtained an hour or more after stacking has ceased.
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Table 3.2. Current and expected Antiproton Source performance under a variety of upgrades

Run 1l Runll [+ cooling + cooling, | + cooling, | + cooling,
no beam sweep beam sweep,beam sweep,
upgrades Lilens Lilens
upgrade upgrade,
25 aperture
upgrade upgrade 1  upgrade p| upgrade|3 upgrade 4
designation
protons/pulse op 3.2 5.0 5.0 5.0 5.0 5.0
target (18-2)
cycle time (sec) 2.4 1.5 1.5 1.5 1.5 1.5
yield into Deb. 21.0 17.8 17.8 21.0 22.5 28.1
(p /1C° proton)
B _ 6.7 8.9 8.9 10.5 11.2 14.0
p /pulse into
Deb. (10)
B _ 10.1 21.4 21.4 25.2 27.7 33.7
p /hour into Dely
(1019
initial Deb. emit.[ 20.0 20.0 20.0 20.0 20.0 25.0
(Temm-mrad)
final Deb. emit. | 4.1 6.9 - - - -
(Temm-mrad)
Deb. to Acc. .80 .60 1.00 1.00 1.00 1.0
transfer effic.
B _ 5.4 5.3 8.9 10.5 11.2 14.0
p /pulse into
Acc. (10))
B . 8.1 12.8 21.4 25.2 27.7 33.7
p /hour into Acc
(1019
Accumulator .90 .90 .90 .90 .90 .90
stacktail+rf eff.
B 7.2 115 19.3 22.7 25.0 30.3
p /hour stacked
(1019
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Figure 3.2. Antiproton stacking rate vs. stack size. The data are from April 1995.
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Figure 3.3. Transverse emittance (unnormalized) vs. stack size prior to antiproton extraction.
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Figure 3.4. Core momentum width vs. stack size prior to antiproton extraction.

3.1.2 Antiproton Source Limitations and Required Improvements

For Run Il it isrequired to stack 2A.01%hour up tostack sizes of 1001010, At the end of

each stacking period (1 tohburs)the emittancemust be lesshan 10rmm-mrad (normalized),
and the amount of beam stacked must be contained in a 10 eV-sec longihdsekpace (about
6 MeV full width). The time allotted for the extractipnocess 5% othe stackingime (about 5 to
10 min) so as not to compromise the average stackitegy The major impediments to meeting
these requirements are the following:

1) Targetandlithium lenssurvivability: In order tomaintain a smalkpot size on thetarget,
which is necessary for keeping the antiproton yietth, abeamsweeping systemwill need to be
built. Thiswill increase the yield by approximateh8% overthe no-beam-sweeping cas€his
increase is reflected as the second upgrade of Table 3.2. If the lithiucafebs operated reliably
at a gradient 0900 T/m,the yield will increase anothér7%. This is reflected as upgrade 3 of
Table 3.2. These issues are discussed in detail in Section 3.2.

2) Debuncherstochasticcooling: The currentsystem isgain-limited because the stochastic
cooling kickers cannot handle the requineodwer andthe thermalnoise power is large. The
Debuncher-to-Accumulator transfer efficiensyffers as a resulgnd theAccumulator stackail
efficiency also suffers. In addition, the reduced cycle time in Run Il will necessitatedastiag.
The proposed upgradesre discussed inSection 3.3. Table 3.2 indicates that the Debuncher
cooling upgrade coupled with otheupgrades, should beapable of effectively cooling close to

30x1019%hour.

3) Accumulatorstacktail stochasticcooling: Simulationsshow that the current Accumulator
cooling systemswill stack 12x10*Ohour atsmall stacksizes. Anexperiment orproton stacking
achieved at rate of 12x3@hour! The flux of 8 GeV protons frorthe targetvas approximately 3
times theflux of antiprotons. By doublinghe bandwidth ofthe stacktail cooling systems to 2-4
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GHz and halvingn to -.012, wewill increase the stacking rate of the Accumulator to more than
20x139%hour. These issues are discussed in detail in Section 3.3.3.7.

4) Accumulatorcore cooling: The core coolingystemsare marginal, particularlyfor frequent
transfers tathe Recycler. We plan to improvthe performance of thd-8 GHz core cooling
systemsutilizing R&D work that hasbeen performed in thpast fewyears. Theseissues are
discussed in detail in Section 3.5.

Table 3.2 lists expected antiprotosource performance followintihe various improvements
discussedabovefor Run Il. Note that in the absence @y upgradesthe estimated maximum
stacking rate is about 11.5x¥hour.

3.2 Target Station Upgrades

The target station will bapgraded to handlthe increased bearffiux delivered bythe Main
Injector. Described below in summaaye thestatus of two new systenflseamsweeping system
and protoriens), upgrades tthe target SEM and the collectibens, and beam dump/radiation
shielding issues.

Figure 3.5 shows a layout of the future upgratdedetstation.The AP1beam linetransports
and focuses the 120-GeV protons from the Main Ring onto the target. Antiprotons produced in the
target are collected by a lithium lens and deflected by the pulsed magnet into theak®fne for
injection into the Debuncher. The upstreaweepmagnets will be installed at the end of the AP1
beam line near the focal point of theoton lens.The downstream sweemagnet will be located
between the collection lens and the pulsed magnet, near the focal point of the collection lens.

120 GeV Proton Beam

Pulsed
Magnet
— - Li Li H
_ | | Lens Lens | | f

Upstream Target Downstream
sweep magnets sweep magnet

8 GeV
Antiprotons

Figure 3.5. Components in the target vaulth@fupgradedargetstation. The pre-target SEM and
the beam dump are not shown.

3.2.1 Beam Sweeping System.

The efficiency of collecting antiprotons from the target rises as the size pifotioe beamspot
on the target is reduced. Howeveltla# samdime thepeak energy deposition on targestes. To
bring the density of energy deposition withi®@ A& mm (rms) spasize down tocurrently existing
levels, a system toapidly sweepthe beamspot onthe target isplanned: The calculated
dependence of yield on spsize is plotted irFigure 3.6 for aircular beanspot. Also shown in
this figure are MARS10 calculations of energy deposition ¥405 protons pepulse® Estimates
of the peak density of energy deposition per pulse achieved to date are about 800 J/g. This is above
the melting point otopper (about 600/g), and close to thenelting point of nickelabout 1000
J/g). Local disintegration of mickel targethasbeenobserved whetthe target rotation mechanism
failed. Less severdamagewas observed with a slowly-rotating tar§dnh order to holdpeak
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energy deposition below damagilgyels,the spotsizewasincreased t®.2 mm after theLinac
upgradeand undeMain Injector conditions (81012 protons in a 1.6us pulse),the spot size
would have to be increased to at least 0.30 mm. The alternative is to sweep the isatarget.
Reducing the spot size to the smallest attainable size (0.10-0.15 mm) leads to ait&2886 in
yield.

The beamsweeping system currently unddevelopment traces @.33-mm-radiuscircular
pattern on the target over the Ju§proton beam puls&@he magnets have zphase 4-conductor
stator excited bytwo power suppliedhat deliver625 kHz sinusoidalcurrent waveforms in
guadrature to generate a 625-kHz rotating dipole field. Three identical magnetswgi#dheApair
of upstream magnetglaced at thedownstream end othe AP1 beamline where the toroid
M:TOR109 now resideswill sweepthe 120-GeVproton beam. A single downstreamagnet
placed in a double module between the colledéms andthe pulsedmagnet will redirect the 8
GeV antiprotons exitinghe collectionlens parallel to theAP2 beamline. Thesweeping radius is
much smaller than the 2 cm diameter of the lithium collection lens and the aperture of theafriP2
line. Each magnet is 56 cm long. The deflecting field is 900 G. An air gap is used since the beam is
already transported through air from upstream of the target to downstreanpafsib@ magnet. A
water-cooled molypermallopressed-powdemagnetic coresurroundingthe currentconductors
provides a return path fdne magnetidield. Approximately 6 kA will be required in th&inding
to provide the deflectinfield, andthe inductive voltagelrop will be about 5 kV (peak voltage to
ground 2.5 kV). lonization of the air by the particle shower downstreatmeagrget will increase
the conductivity of the air between the condugiiates.Electrical losses throughhe ionized-air
pathacrossthe gap reduce the Q of tleecuit driving the magnet.Estimates based oGASIM
calculations predict that the current drain will leesthan 100 A, anacceptableamount.These
estimates have been confirmed by measurements of leakage current between two cqhahkertors
parallel to the beam path with a voltage drop of up to 16 kV.

Six power supplies will be required, 4 for the upstream magnet pair, andH flwwnstream
magnet.The prototypgpower supply is based on a 2-stagegneticpulse compression circuit.
Pulse compression is used becaihgerequirements ontayratron-based power supply driving a
linear circuit aresevere andreliable operatiorunder these conditions is questionaldlee solid-
state power supply is driven by a single thyristor, and pulse compression is provilfdgias®
cores.
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Figure 3.6. Scaling of yield (curve) and peak energy deposition (poirtts target as a function
of beam spot size.

3.2.2 Lithium Lens for Proton Beam

A lithium lens has been built to focus th20 GeV protonbeam on the target tospotsize of
0.1 mm? Improved focusing increases antiprotgield and compensate®r possible future
emittance dilution of the proton beam in the Main Injector. Depending on details of therétbi
beam-line tune, we expect that the praiems, combined withthe sweeping systemyill improve
performance with a ISmm-mrad (or larger) normalizegmittancebeam.The projected beam size

of the Main Injector proton beam for stacking is about 2n-mrad. Thdens, with a diameter of

6 mm and length o8 cm, isexpected to operate at a gradien2667 T/m and a current of 120
kA. Thelens is similar indesign tothe collectionlens. Itsmain disadvantage is thatabsorbs

7.5% of the incident proton beam.

3.2.3 Pre-Target SEM

This SEM, located directly upstream of tharget, measurethe width and position of the
incident proton beamThe titaniumwires of the SEM breakvith lessthan 3 months obeam
exposure at 21012 protons per cycle. Thus a newodule which permitshe SEMwires to be
removed fromthe beamduring operatiorhas beenconstructedWhen the SEM is placed into
position inthe path of the bearfor measurementshe proton intensity will betemporarily
reduced. The new SEM grid has a wire-to-wire spacing@.b25 mmand will resolve @.1 mm
beam spot. The SEM is crucial for the commissioning of the proton lens for Run II.

3.2.4 Lithium Collection Lens

The collection lerfsfocuses the antiprotons produced at the tafides. current-carryingdjthium
portion has aliameter of2 cm and a length ofl5 cm. The lithium is encased in a cylindrical
water-cooled titanium alloy (type Ti-6Al-4\Pressure vesseFkermilab lithiumlenses ofrecent
design havesurvived 8million pulses at a lengradient of abou740 T/m. Increasing thefield
gradient of the lens increases the yield. But even a small increase in repagdgeirthe titanium
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pressure vessel leads to a much shorter fatigue life of the metalofgénagion at even 5% greater
field gradienthas not proven possible beyond Inllion pulses.Several improvements in the
design of the lens are expected to further impreliability and fieldstrength.Our goal is reliable
operation aB00 T/m although we expect to operate dower gradient if we cannaichieve 900
T/m with the reliability of 10 million pulses. Atthe moment, we do noknow how much
improvement can be made with the modifications that have roade.Measurements of yield vs.
gradient (Figure 3.7) show that 900m will give an 18% increase in yield compared @0 T/m
with the existing AP2 beam-line at a fixathe. Improvements to the APBeam line aperture may
raise the antiproton yield at lower gradients while lessening the impact of gradient on yield.
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Figure 3.7. Measured yield vs. lithium lens gradient

A number of improvements to thenechanical design have beerdeveloped. These
improvements include thicker endcédps the cooling jacket, atrongerberyllium window, and
improved handling angblacement ofwelds during construction ahe cooling jacket. These
improvements have been incorporated into the ldéses,but have not yet been operated
extensively in the target vault. They are expected to enhance lens reliability.

During the filling process, lithium is pumped under pressure into the evaditatadn vessel.

The preloadserves to insur¢hat the lithium cylinder maintaings shape at mid-pulse, when
significant magnetic pincforcesarepresent. Lowepreload leads to lower operatistresses; a

small stress decrease on the titanium cooling jacket should result in a great increase in the life of the
lens for a given field gradient. A receamalysis using ANSYSshowsthat it ispossible to lower

the preloadpressure irthe lithium by at least5%. The originallens design preload ensurttt

the lithium would maintain its shape on the first pulse when the lithium is &.28¢ steady state,

the lens is at 65C and the additionahermalstress orthe titanium is approximately the same as

the stress due to preload. Thus, at steady state almost no preload is needed. If one could reduce the
lithium preloadfrom 2300 psi to 50@si, then thelens would beable to operate @000 T/m
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without deformation of théithium cylinder. Lenses with preload dsw as 1500 pshave been
built for Run II.

Gaseous products fromhe 6Li(n,a)3H reaction betweefLi in natural lithium and thermal
neutrons are expected to build up over time, possibly affecting the operationl@figh&welling
of the lens is expected, due to the pressutbeotontainedjas, potentially limiting the lifetime of
the lens under an intense beam environment. To avoid this problem, we have idestiiedeaof
99% isotopically pure’Li. Collectionlenses forMain Injector operation will be builtising this
material.

3.2.5 Single-Turn Pulsed Magnet
The single-turn pulsedanagnethas survivednore than 25 milliorpulses at protorntensities

between 1.5 and 328102 protons pepulse. It isexpected that nohanges will be required for
Main Injector operation.

3.2.6 Beam Dump

The Antiproton Source beam dump now absorbs 25 kW of beam power. A capaaiykuy
is neededor Main Injector conditions.Since we areonly using half of the available cooling
channels, we can easily doultfe cooling capacity of thexistingsystem. Weplan touseall the
channels for Run Il. We can also incre#iseflow ratethroughthe channels, but it should not be
necessary.

3.2.7 Radiation Safety Issues

Since 1990, both the target vault shielding and the target air system have been upgraded. Under
Main Injector conditions, the radiation level on tlo®f of the APO service building is expected to
be less than 50 mR/hr. Posting a High Radiation Area sigheofencearoundthe ladder leading
to theroof of the APO service building will be sufficiefdir Run 1l. Noother shielding changes
will be needed in or around the APO service building.

The existing airsystem keepshe portion of APOthat can be occupied byersonnel at a
positive pressure withespect to theutside,the vault andooth adjoiningbeamlines. A HEPA
filter in the AP1lbeamlineremoves dust fronthe air(some ofvhich is radioactive)The flow is
controlled insuch a waythat airborne radionuclides havievo hours todecay in the tunnel
enclosure before exiting. This deemed to be sufficierfor all radionuclides which could arise
from proton-nickel interactions.

The 1991 Antiproton SourceRadiation Shielding Assessment document presdintis the
number of protons on target to 5.4E15 protons per hour. This i2dtyprotonger pulse for a
1.5 secondluty cycle. This document must be updatedeftect the Maininjector goal of 5E12
protons per pulse at a 1.5 second repetition rate.

3.2.8 Injection Line Transverse Aperture Increase

Using reversgrotons,the transverse aperture ¢iie Debuncher antiproton injectidine
(AP2) hasbeen recently measured to be about 220 mm-mradfor particles centered in the
momentum aperturedf/p=0). The aperture limitation is in thgownstream end dhe beanline,
which involves a vertical bendownward by alipole magnet, aerticalbend upward byhe off-

center traversal of a large Debunchaadrupole, followed byertical kicks by a septunmagnet
and fast kicker magneDetailed examination of the beapipe in thisarea verifiesthat the

maximum attainable transverse aperture is abaux2®0rt mm-mrad. Wehave started a program
to increase the AP2 aperture to nominallyr4G10t mm-mrad, withthe eventual goal of attaining

3.10



a real aperture of 32x 32t mm-mradfor particles atdp/p=0. The transverse aperture of the
Debuncher itself has physical apertures which are typicaltyx480t mm-mrad orarger, but the

Debuncher acceptance is measured to be abouwt 281 mm-mrad adp/p=0.

The following upgrades are underway or being planned for the downstream end of AP2:

1. Minor beam pipe modifications neB®dQ4 toincrease the vertical apertui@ injected
beam to 46

2. Addition of a motorized stand to the Debuncher quadrupdi@8 toallow independent
horizontal and vertical position and angle control of the closed orbit in the vicinity of the
injection region;

3. Design of anew injection septummagnet,similar to the originabne, but with a 10%
larger horizontal aperture;

4. Modification to the Debuncher largguad used to benthe injected beanmipward to
allow for a 10% larger horizontal aperture beam pipe.

Upgrades 1 and above will increase thdownstream APZXertical aperture to 40 mm-mrad,
while upgrades 3 and 4 will increase the horizontal aperturerto®mrad. The upstream end of

AP2 is nominally 4@ x 40t mm-mrad, bubeamstudies will be required to understaotimum
beamsteering. In additionheamstudies will be required to understating current limitations in
the Debunchetransverse aperture tifie full 32t mm-mrad aperture is to be realiz8ble 3.3
shows projected antiproton yield increases under various upgrade scenaritabl&hgbased on
Monte Carlo calculations and assumes a proton beam size of .15 mm RMS on the préatgetion
and a beam line tuned to optimize yield into the Debuncher.

Table 3.3. Antiproton yield into the Debuncher as a function of lithikems gradient and
downstream transverse apertuiso listed are the betunction at thedownstream lensocus,

targetthickness, andarget-to-lens distance whiatptimize yield into theDebuncher.Yields are

normalized to Run | operating conditions.

yield (/10 protong B at ds lens | target thickness target center to

on target) focus (m) (cm) lens face (cm)
201, 740 T/m 21.0 4.5 6.5 21.2
251, 740 T/m 25.6 4.3 6.5 21.2
32, 740 T/m 30.0 3.9 6.5 21.2
201, 900 T/m 22.5 4.3 6.0 17.0
2511, 900 T/m 28.1 3.9 6.0 17.0
321, 900 T/m 34.1 3.7 6.0 17.0

3.3 Debuncher Stochastic Cooling

3.3.1 Performance of the existing 2-4 GHz system

Each pulse of beam is cooled in all 3 dimensions in the Debuncher theiegtire production
cycle. There arel28 LN, cooled pickup pairs anili28 kicker pairsfor eachtransversesystem.
Momentum cooling is done by the "filter method" using skken mode signals fronthe transverse
electrodes, and notch filteese additionallyused inthe transverse systems toinimize thermal
noise powerAll 3 systems nowoperate in th&-4 GHzfrequencyrange® After bunch rotation,
the momentum width (95% full width) is cooled frdh80% to 0.17%The transverseemittances

are cooledfrom 16-17 1 mm-mrad to3-4 m mm-mrad (unnormalize®5% emittances). The
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momentum width is inferred from the frequency widthtteé longitudinalSchottky spectrum. The
transverse emittance at the beginning of the cycle is determined by measuring yield as a function of
transverse scraper position, ahe transverseemittance at thend of thecycle is determined by
measuring the beam transverse dimensions with SEM's DVghéne. In addition,the transverse
emittancemeasurements are corroborated by measurements tirinthevolution of thepower in

the transverse Schottky bands during the cooling cycle (Figure 3.8).
0'2 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1

0.15

power (pW/Hz)
o
H

0.05
i noise power
ST TS T SO S S S NI
0O 1 2 3 4 5
time (sec)

Figure 3.8. Power in a vertical Schottky band as a functiamefduring the coolingcycle. This
power (minus noise power) is proportional to transverse emittance.

The transverse emittance cooling rate is givef by

“_‘_“Fo%gﬂ]‘7bﬁﬂ(Ml+W)

3.1
‘ED dt [3-1]

[ |

where for simplicity we have neglected imaginary parts due to rthaithg", non-optimum pickup
to kicker betatron phassdvance, and microwave signal processiagdware.The summation is
over Schottky bands artle quantities within the summation are averaoesr beam frequencies
in each Schottky band. In the above equation:

g = % E—IEZL‘:E [Z,, [, (K is the gain functior;
M, = ;Ap is the average mixing factor for a Gaussian beam distribution;
|~/ T P
-iKN w)¥(w)dw
T = 1 is the shielding factor, wher&(w) = — 9 (@)w) and
1-Sw) 2 0=

T - % at the center of a Gaussian beam;
1+ ]

N2
U, = (thermal noise power density)/(average Schottky power density).
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where F is the revolutiorfrequency 3., andp, are the betéunctions atthe pickup andicker,

and Z,, is the pickup(and kicker) impedanceM, is determined by measuring the longitudinal
Schottky width duringhe coolingcycle, T, is determined by measuring the sigeappression
effect, g can be determined frorvl, and T, andU, can be directly measured by comparing the
Schottky spectrum with and without beaiffhese quantities can then be inserted into the basic
cooling equatiorabove,and thetime evolution of the emittances calculatadd compared to the
measured emittance cooling rate. The result is shown in Figure 3.9.

measured emi
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Figure3.9. Comparison othe calculatecand measured evolution of transveeseittanceunder
Run 1b conditions. The observed cooling rate is slightly faster than the calculated rate.

o
o

At mid-band M, is 6 at the beginning of the cycle, increasing to 11 at the end of/¢lee U, is 10
at the beginning of the cycle, increasing to 40 at the end of the cycle. Optimum gain at the center of
the beam distribution is given by

g —_ 1
! peak,l l |
|

2 . 13.2]

The system operates substantially betbes optimumgain. In additionthe maximum cooling
rate is limited by the thermal powdd,). We are prevented from increasithg gain by thepower
limitation of the kickertanks -- these tankare limited toabout1200 W per system bihe power
handling capability of the terminatingesistors, solder jointsyacuum feedthroughs, and
microwave hybrids. (At 1200W 95% of the power at the kickers is thermal power.)

3.3.2 Overview of the new 4-8 GHz cooling systems

During Run Il the cycle time will be 2.4/1.5 = 1.6 times fasé®d the intensity pgsulsewill
be about 5.0/3.2 = 1.6 times greater than in Run 1lhimpovement in the Debuncher cooling is
required to meet the demands of Run Il. It is possible to meet these demands with improvements to
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the 2-4 GHz system. However, we have chosendease théandwidth to 4-8 GHz sthat we
will be able to accommodate antiproton fluxes beyond thoseipated in the initiastages of Run
1.

The most critical task is to develdp8 GHzpickup and kicker electrode$he 4-8 GHzband
will be spanned by &arrow band pickups and 4 narrow bdackers. The pickups and kickers
arebased on a new desigrthatwastested® in 1997. This narrow-band approach smilar in
concept to the one used at CERN.

The pickups will be cooled téessthan 10 °K by replacing the LN cryogeni(80 °K) with
liquid helium. The pickup signals will be amplified by commercial cryogenically cooled amplifiers.
The 8 pickupbandsthen be combined pair-wise intbe 4 kickerbands andhe signal will be
transmittedacrossthe ring usingcoaxial cable. It is unnecessary to ugptical techniquegsee
section 3.4.4.4) because of the low bandwidths involved.

The four kicker bandswill be implementedwith 16 TWT'’s driving 16 kicker electrodes,
namely 4 TWT/kicker pairs per band. The rated powahetystem is 1600 W. Aritical feature
of the kicker design is the ability of the structure to dissip@@ W at high vacuum. Achematic
of the system is shown in Figure 3.10.
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Notes: 12 total cooling systems. Eight narrow bandson pickup end. Two bands combined
to make four trunks for each of the Horizontal, Vertical and Longitudinal cooling. The Kickers
utilize wider bands consisting of the addition of two pickup bands. The signals are summed
axternally after the cryo amplifier. The momentum signal is combined from one H and one V
system in each band. Bands are located in the lattice so as to take advantage of beam size.

3and Designation Frequency GHz Span GHz
1A -4.64 0.75

3.89-4
1B 4.47-5.21 0.74
1 3.89-5.21 1.32
2A 5.01-5.72 0.71
2B 5.57-6.24 0.67
2 5.01-6.24 1.23
3A 6.10-6.73 0.63
3B 6.60-7.20 0.60
3 6.10-7.20 1.10
4A 7.05-7.64 0.59
4B 7.46-8.11 0.65

4 7.05-8.11 1.06

Figure 3.10. Layout of the4-8 GHz Debuncher coolinggystems.Momentum, horizontal, and
vertical cooling systems are shown.

3.3.3 Simulations

3.3.3.1 Assumptions

The basic beam parameters at®wn inTable 3.4. The beam size iassumed to be 26
mm-mrad (consistent with current estimates) although we hope to havewr8émrad beams in
Run Il. The pickup apertures are assumed to ber-mrad—rather largéor a 25t mm-mrad
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beam. The momentum changes as momentum cooling procHegl€alculations ardone with a
fixed momentum spread corresponding roughly to that obtained at the end of momentum cooling.

Table 3.4. Beam Parameters

Energy spread (full) 18 MeV
Beam Energy 8938 MeV

Initial Beam Emittance 25 Tmm-mrad
Accumulator Acceptance 5 Ttmm-mrad
n=1y; -1y’ 0.006

Number of particles (Run Il) 1x10°

Number of particles (TeV33) 4x10°

We plan touse anentirely new 4-8 GHz system using elatively narrow bands. This
approach was used at the CERN AC. The parameters of the proposed 4k®fEdntal system
are shown in Table 3.5. The Vertical systendentical except thpickup and kicker impedances
are slightly different because of small differences inl#tice functions. The impedances were
calculated by DavécGinnis™ and are consistentith the recently measureskensitivity:® The
simulations include a more conservative 3 I0Bs atthe pickup andkicker, notthe 1 dBloss
specified in Table 3.5.

Table 3.5. 4-8 GHz Horizontal system parameters

PU/Kicker Impedance (peak) 3620 Q
PU’s/Kickers per band 8

Number of Bands 4

Combiner Loss 1 dB
Splitter Loss 1 dB
Amplifier Noise Temperature 25 K

Resistor Temperature 10 K
PU/Kicker Aperture 40 TTmm-mrad
Gain (typical) 147 dB

Power 400 W/band

3.3.3.2 System Gain
The definition of the system gaih per Schottky band is

2
LAREPFOS [3.3]
dt

whereA is the betatron amplitude an@ & the cooling rate for a particular Schottky band. A plot
of system gain versus frequency is shown in Figure 3.11. The variations in gain are large and are
entirely due to the variations in pickup and kicker sensitivity.
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Figure3.11. Cooling system gain.The gainresponse iglominated by the pickup and kicker
response.

3.3.3.3 Mixing Factor

The mixing factorfor the 4-8 GHz system is shown in Figu®12. The mixing factor
depends only on the lattice parameters and the frequency.
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Figure 3.12. Mixing Factor.
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3.3.3.4 Signal to Noise Ratio

The signal to noise ratio is shown in Figure 3.13. The large variations come from variations in
the pickupsensitivity. It hasbeen assumethat sharp transversdilters are to filter unwanted
broad-band noise outside the pickup bandwidth.

2.57””
5] 2r p
2 0_5/ \/ v \//\\/\\//\\/\

4 4.5 5 5.5 6 6.5 7 7.5 8
Frequency (GHz)

Figure 3.13. Signal to noise ratio.

3.3.3.5 Signal Suppression

Signal suppression is a measure of the strength of the feedbhaeksignalsuppressiorfactor
is (1-GF), and is equal to 2 at the optimum gain. The faG#®is plotted in Figure 3.14 fdhe 4-
8 GHz Horizontal system.
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Figure 3.14. Signal suppression factor.

3.3.3.6 Performance in Run Il

The performance predicted Run Il underthe previously statecassumptions is shown in
Figure 3.15, which shows the horizontal emittance versus time. Similarly, Bid@eshows the
vertical emittancevrersus time. The system bandwidths and sensitivitiase not finalized, but at
this pointthe vertical coolingsystem performsoticeablybetter.. The nominal cycldime is 1.5
sec. Thefour-band 4-8 GHz system outperforrie 2-4 GHz system. The 2-4 GHz system
performs somewhere between 2 and 3 bands of the 4-8 GHz system.
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Figure 3.15. The horizontal emittance versus time for the various scenarios.
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Figure 3.16. The vertical emittance versus time for the various scenarios.

The transfer efficiency is computed as the fraction of blesmsthan 5t mm-mrad horizontally

times the fraction of beatessthan 5t mm-mrad vertically. The combination of thiatafrom

Figure 3.15and Figure3.16 (assuminghe 2-4 GHz cooling to be the same in each plane) is
shown in Figure 3.17.
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Figure 3.17. Transfer efficiency as a function of time for the various scenarios.

3.3.3.7 Performance with TeV33 parameters

We have also examindte system performance at higher intengifgV33 parameters). The
results are shown in Figure 3.88d Figure3.19. The transfer efficienciesre obtainedrom the
square othe fraction of the beamwith a horizontalemittanceessthan 5t mm-mrad. Since the
cooling is less effective in the horizonfahne,the transfer efficiency is probably underestimated.
The 2-4 GHz system performance is limited primarily because of its lower bandwidghlarger
particle losses incurred with this system ahdwn in Figure 3.2@re indicative of the need for
more bandwidth.
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Figure 3.18. Horizontal emittance versus time for Tev33 intensities.
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Figure 3.19. Transfer efficiencyversus cooling time for TeV33 intensities. The transfer
efficiencies are obtained from the square of the fraction of the beam with a horeroittahceless

than 5t mm-mrad.
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Figure 3.20. Fraction of beam retained as a function of cooling tirhe. limitedbandwidth and
relatively high gain of th€-4 GHz systemesult in significanparticlelosses athe beginning of
the cycle.

3.4 Stack-Tail System Upgrade

3.4.1 Overview

The beam parameters in the Accumulator will change irfioll@ving ways fromCollider Run
Ib to Run Il
1) The antiprotorflux will increase from2.0x10 (peak) t05.6x10 (average) pesecond.These
fluxes correspond to 7.2 mA/hour (peak) and 20 mA/hour (average) respectively;
2) Beam transfers from the Accumulator to the Recycler will take place every 1 to 4 hours.
3) The maximum antiproton stack size will be reduced from 230x&0.00x1a9,

The current stackail cooling system inthe Accumulator is inadequate to copdth the
increased flux. It is proposed itacrease thdandwidth ofthe stackail cooling system from 1-2
GHz to 2-4 GHz and to decreasgéy a factor of two from.023 to -.012.The bandwidth change

will supply the necessary cooling force to handhe increasedlux. The n change will avoid
Schottky band overlap, which causes excestigam heating, andwill allow the use of
conventional notch filterfor gain shaping. Ingeneralaspectsthe system will besimilar to the
current system.

The maximum attainablfux in a "perfect” stacking system having a bandwidth of a single
octave is given by

2
_LAWEN]
pF,

where W is the bandwidth, 1/E, is theslope ofthe exponential gaiprofile, p is the beam
momentum, andF, is the revolutionfrequency. Thisequation neglects thermaloise, signal
suppression, phase variations across the Schottky band, and the effestedid beamnjection,
but indicates that doubling theandwidth and halving will double themaximum attainabl@ux.
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E, is 10 MeV, so that we have for the current stack tail sygien= 21x10%hour. Inaddition to

the factors mentionedbove,other effects that wilfurther reduce the stackingte are intrabeam
scattering, intermodulation distortion IRWT's, realistic gain andohase variationscross the
microwave band, and cross-talk from transverse cooling systems. We have attempted to include all
of these effectgalbeit crudely insome cases) shat the current performance of the Accumulator
cooling systems is well predicted by the stochastic cooling simulation.
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3.4.2 Lattice Modifications
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Q2 -QT 0.9900 264.2 261.6

Q3 QT 0.9009 264.2 238.0[ 23.6
Q4 QF 0.9865 231.6 228.5

Q5 QD 0.9908 234.3 232.0

Q6 QF 1.1043 231.6 255.8

Q7 QD 0.9908 234.3 232.0

Q8 QF 0.9816 231.6 227.3 1.2
Q9 QD 0.9908 234.3 232.0

Q10 A5724*L.Q 0.9900 1294.3 1281.4 32.6
Q11 LQ 0.9900 1294.3 1281.4 32.6
Q12 -LQ 1.0152 1294.3 1314.G

Q13 -LQ 1.0152 1294.3 1314.(

Q14 LQ 1.0890 1294.3 1314.(

Note that column 3 above includes the quad bus changes below.

QT 10.3809T/m .9900 264.3 261.6

QF 9.66333T/m .9816 231.6 228.5 3.5
QD 9.74126T/m .9908 234.3 232.0

LQ 8.93989T/m .9900 1294.3 1314.0

Since the current in Q6 will be significantly different frahat of the other smatjuadrupoles,
a separatpower supplywill be requiredfor these 6quadrupolesTable3.7 showscritical lattice
parametergor the currentattice and they; upgrade.The tunesremain at6.609 (horizontal) and
8.607 (vertical), andthe phase advance from pickup to kickertire core and stactail betatron
systems remains closem®. The natural chromaticities in each plagg £ -11.2and¢&y = -13.0)
are correctable by decreasing the current in one afektipoles ireachsector.The dispersion is
similar to that of the present Accumulateith a slightly more negativdispersion inmon-critical
parts ofthering to accomplistthe change iry;. The betafunctions and dispersion function are

shown in Figure 3.21 through Figure 3.23. The physical aperture and beam envelope functions are
shown in Figure 3.24 through Figure 3.26.

Table 3.7. Lattice parameters for TEV | design gnggrade

Lattice Parameter TeV | Design Yt Upgrade
Maximum By (m) 33.23 71.15
Minimum By (m) 30.87 31.49
Bx @ high B (m) 7.58 2.60
By @ high Dx (m) 7.51 6.76
Bx @ low Dx (m) 7.56 10.03
By @ low Dx (m) 7.27 4.97
Vi 5.41 6.58
n -.023 -.0119
AQPU-K Core H 9.16r2 9.0872
A@PPU-K Core V 11.00v2 10.82v2
A@PPU-K Stack tail H 8.89r/2 8.9512
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Figure 3.21. Horizontal beta function in one sector (1/6th) of Accumulator.
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Figure 3.22. Vertical beta function in one sector (1/6th) of Accumulator.
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Figure 3.25. Horizontal aperture and beam envelopth@®xtraction orbitAp/p = .0086) in one
sector (1/6th) of Accumulator; the formula used for the beam envelope is
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The phase advances fromjection septum to kicker anfilom extraction kicker tcextraction
Lambertson magnet remairrv2. The horizontal betdunctions atthe injection and extraction
kickers will be slightly higher than they an®w, sothat thepresent kickers will be adequate in
strength.Table 3.8 lists the latticeparameters at the injection septum and extraction Lambertson
magnetsfor beam on the injection or extractiaorbit. Small adjustments to thbeam line
guadrupoles can be made so that the beam lines are matchedhéovthecumulator lattice at least
as well as they are now.

Table 3.8. Lattice parameters at the injection septum and extraction Lambertson magnets.
Quantity Bu(m) By(m)  a ay  Ddm) DX g2m

Septa and Lambertson| 15.77 7.58 0.55 0.02 0.3¢ 0.10 0.21L
(r=5.42)
Injection/Extraction 11.44 | 13.46 1.01
Kickers {;=5.42)
Septa and Lambertson| 20.46 7.22 0.21 0.24 0.41 0.07 0.2p
(Y:=6.58)
Injection/Extraction 15.75| 13.68 0.92
Kickers {;=6.58)

Nonlinear effects beyond those whican be corrected by families eéxtupoles, octupoles,
andskew quadrupoleare probably difficult to model witithe magnetic field measuremertst
have been made tate.With the exception of the largg, variation atQ10-Q11,the proposed
lattice isvery similar tothat of theTEV | design, sathat these effects wilbrobably not change
much. Figure 3.27 showthe measured tune variatioasrossthe momentum apertunsith the
extraction Lambertson magnet on. Turning the extraction Lambertson nodigimétoduces dune
shift acrosghe aperture, but does nehange the basishape ofthe tunevs. momentumplot.
Introducing alocal largeorbit bump onthe extraction orbit at any of the threegh dispersion
regions will produce a large tushift. The Accumulator is operategith tunes decoupled on the
coreorbit, but the coupling is essentiall00% onthe extractionorbit. A major portion of this
coupling comes from the Lambertson magnet, and this couplingtreray function ohorizontal
position in the Lambertson magnet. By design, the dispersitreihambertson magnet 63 m,
but the average measured dispersion is 0.8 m, and most of this arises bleénwedraction orbit
and centrabrbit. In addition anomaloudispersion arises iall of the "zero dispersion” straight
sections wherthe beammoves betweerthe central orbit and the extractiambit, making it
impossible tooptimize the aperture atl beammomenta. Figure8.27 showsthe measured orbit
deviation between the core and extractiobits, compared withthe TEV | design.Beta function
measurements at the core orbit and the central orbit agree well with eacanotiveiththe design;
howeverbetafunction measurements at the extraction orbit deviate substarfit@itythe design
and have been difficult to interpret because of coupling.
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Figure 3.27. Measured Accumulator tune variations across the momentum aperture.
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Figure 3.28. Measured and desiyocumulator orbit difference between extraction odnitl core
orbit on a scale showing dispersion errothat "zerodispersion” regions; high dispersion regions
are off scale (about 140 mm).

It is knownthat some higher order resonances caousating in the core for example, the
8/13th (0.6154) and the 11/18tH{0.6111). This is the motivationfor choosing to rumear the
coupling resonance; it provideslarge area in tune space free lnfjher orderresonances. In
addition, we currentlpperate with small negativehromaticities at theore, although there is no
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strongevidence that operating at zero fightly positive chromaticity at the comroduces any
instability.

3.4.3 Stack Tail Cooling System

The design ofthe 2-4 GHz stacktailsystem is based on scalitite TeV | 1-2 GHz stacktail
design. The following quantities are scaled:

1. 1-2 GHz becomes 2-4 GHz

2. All beam energies stay the same

3. n =1k, - 1/’ becomes 0.012 (see section3.4.2)
4. The gain functions stay the same

With this scaling, the maximum flux moubled. The powerrequirement is the same if the signal
to noiseratio remains constant -- #hould actually improvesomewhat. Thusrebuilding the
stacktail system is essentially replacirige entiresystem part-for-part with higher frequency
components. Some issues do need further investigation:

1. Fewer pickups are required to achieve the same signal to noiseDragianight be able
to achieve some savings in pickups.

2. The dependence of pickup sensitivity mansversedisplacementvas not what was
expected for the 1-2 GHz system.

3. The Accumulator is designed to operate with the Recycler and to accumulate antiprotons
for 1 to 4 hours. The optimumdesign for thigype of operation might differ from a
scaled TeV | design.

4. The effect on the stackingocess otontinualtransfers fromthe Accumulator to the
Recycler needs to be considered.

However, it is not foreseen that a better optimized design would differ dramatically in either cost or
performance from the design that is simply scaled from TeV I.

The ultimateupgrade of the stacktaslystem could be t4-8 GHz inthe TeV33era. This
upgrade is not foreseen as being possible on the 1999 time scale. The design of the ta8kGHz
tail system would be radically different from either the 1-2 or@HE systemsrequiring frequent
transfers tathe RecyclerRing to take advantage ddtacking capabilities of the electron cooling
system. The lattice modification € 0.012)implementedor the 2-4 GHz system would also be
appropriate for the 4-8 GHz system.

3.4.3.1 Design Considerations

Stochastic stacking is described in terms of the Fokker-Planck equation, relaigls thdime
rate of change of the partialkensity to thenitial density and the derivative of the density with
respect to energy:

175 7N v
— =—F¥+(D, +D, + D,W)=—
o dEa ( 0 1 2 )dEH

where W = dN/JE is the particle number densify|s the coefficient of the coolintgrm, the three
D terms represent heating due to intrabesaittering,thermalnoise, and mixing. Acomplete
derivationhasbeen given byMohl, etal.?° A simplified steady state solution (ignorifigr the
moment thermahoise, mixing,and intrabeam scattering)results in anexponential density
distribution, developed by an exponential voltage distribution. Our goalcigdte an exponential

3.32



voltage distributionusing beam pickups, amplifiers,electronic filters andohase compensation
networks, and kicker electrodes. More complete details can be found in the TeV | Desigii report.
As mentioned previously, the Run Il stacktail system design is a scalthg BéV | design to
the frequency range of 2-4 GHz. The predicted pickup behavior as a funcheanoposition is
an exponential fallof* as the particle moves far away frahe center of th@ickup. The pickup
is placed in an area with large momentdispersion (orthe order of8.5 m), correlating position
with particle energy. With a symmetric lattice and non-zero valgetbkre is aime difference in
particle flighttime between pickup and kicker as a functionesfergy. Asthe electronicdime
between pickup and kicker fsxed, the netphase othe voltage on the kicker changegth the
particle energy. This phase slope leads to the use of multiple sets of pickups.
Three sets of pickups are used, two as the cooling inputs and temaensation inputs (one
set of pickups is used for both cooling and compensation). The compensatioramejpiiased to
null out the response in the region of the accumulated core. Thieditstespickup set 1 as the
cooling input and pickup set 2 as the compensation inplg. peakresponse foteg 1 is centered
in the vicinity where the input beam pulse is dropped off by the rf stacking. The second leg, which
uses pickup set 2 as the cooling input and pickup settl3easompensatiomput, is positioned to
best flatten the phasesponse. Athe beandensity is increasing as theamenergy decreases,
there are fewer pickups required in sets 2 and 3 to attain a good signal to noise ratio.

3.4.3.2 Pickup Response Measurements

During the summer 0997, a series aineasurements/as madeusing prototype 2-4 GHz
pickups. These measurements wenade in the Accumulatarsing antiprotons. Foudifferent
pickup designs were tested. A detailed account has been given by Dénigtire 3.29shows
a comparison of the measured responsepaadictedresponse (witharbitrary normalization) as a
function of thebeam revolutiofrequency. The modelresponse imormalized to theesponse of
design #1. The measured response is in very good agreement with the predicted response.

3.33



—O—#1 arb units

Pickup Comparisons|—o— #3 arb units
#2 arb units

O #4 arb units

Model Response

100000

x ;-f\,
10000

/.
/&

1000

|
1
00

O
L/

100 Q)

{

Magnitude (normalized to
1 mA peak current)

K

10
800 820 840 860 880 900 920 940

Frev (628xxx Hz)
Figure 3.29. A comparison of measured and predicted pickup response

Of the four prototype pickumlesigns, twownere similar toprevious loop designs (#1 and #2)
and two (#3 and #4) were designed to include phase compensation. By tilting the major axis of the
pickup loop, thus changing the relative arrival time of the signal on the loop, it is possialecéb
some ofthe phase slope acrodke aperture. However, tkeep the frequencyesponse in the
desired 2-4 GHz bandhe pickup sizdbecamesmaller. There is a tradeoff in thevo designs --
better sensitivity (in #1 an#2) versusbetterphase behavior (#3 artl). The impedance of the
tited loops isapproximately 1/2 the impedance of tsiandardioops, requiring a factor of 2 in
amplifier gain to get similar voltageesponse. This factor oftwo in amplifier gainresults in a
factor offour in noise power. Astacking simulations (discussed time next sectionpchieve
fairly uniform phase behavior usirige standardoops, better pickup sensitivithasbeen chosen
over better phase response.

3.4.3.3 Simulation Performance and Pickup Locations

The stacking simulationsed inthe system design is based on a simulation originally written
by S. van der Meer for the CERN Antiproton Accumulator. The code doemerical integration
of the Fokker-Planck equation with ®&oltage gain function including the pickusponse,
amplification and electronifiltering, and kickerresponse. Beam feedbackand thermal noise
terms, which contribute to beam heating, are included. Further details can be found in réference.
The codehasbeen modified to simulate tH&4 GHz stacktail and thet-8 GHz core cooling
systems. At this time, it only simulatéee longitudinal cooling andoes notinclude any heating
effects in the transverse plane.

The performance of the 1-2 GHz stacktail system, usiagneasured pickugsponse shapes
as an input, habeen simulated.With a minimum of optimization, the simulatigoredicts a
stacking rate of 12 mA/hour, with an input flux of 18 mA/hour. Studies done with proton stacking
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achieved a maximum rate &R.2 mA/hour (seeRef. 1), well matched to the simulatioresults.
This agreemengives confidence irthe predictions of the simulation in extrapolating to the 2-4
GHz system.
The 2-4 GHz Accumulator stacktail system is assumed to have the following properties:
e n=1A,-1/y¥=0.012
* Momentum Dispersion = 8.5 m at the pickup location
» Central Energy = 8.83 GeV
» Transverse aperture = 0.03 m at the pickup location
* Pickups and Amplifier are at 80 K physical temperature, with an amplifier noise temperature of
21 Kelvin (0.3 dB noise figure)
» Pulses are injected every 1.5 seconds
* RF stacking deposits 1e8 particles per pulse at an energy of +14 MeV with respect to the
central energy and with a half width of 7.8 MeV
These assumptions give a maximum stacking rate of 24 mA/hour.
In Figure 3.30 we showhe calculated gairesponse fothe choice of the pickupositions.
Pickup set 1 is at an energy of 15.3 MeV (a position of 14.7 mm from the centralpchitp set
2 is at an energy 6f3.8 MeV (-3.7 mm),and pickup set 3 is at an energy-282.9 MeV (-22.0
mm). The phase othe system (desire 180etween 2MeV and -60MeV) is shown inFigure
3.31 The phase staywithin 30° ofthe desiredralue, andhe magnitude of theesponsevaries
only 15% from optimum.
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Figure 3.30. The absolute value of the real part of dystem gain. The dips indicatewhere the
gain changes sign (from cooling to heating).
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MeV.

Simulations have beerun for three hours ofstacking with thissystem, putting in 1x10°
antiprotons every 1.5 seconds. Figure 3.32 shows the energy density distribution, withvene
every 30 minutes of stacking. The core is evident after the first half hour. The effextsaofion
to the Recycler have not been simulated.

Figure 3.33 shows the stack size (in mA) and statk(in mA/hour) overthe threehour time
period simulated.The stack rate is equivalent to the injectieck for approximately thdirst 90
minutes and then it begins to drop off slowly, going down ten2zhour after 3hours. Over the
3 hour time period, 70.5 mA are accumulated, an average of 23.5 mA/hour.
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Figure 3.32. The stack density distribution for 3 hours of stacking, shdlendistribution every
30 minutes. The bump on the left is the injected beam.
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Figure 3.33. The stack ratgsolid andleft axis) and stack size (dashed and right afis)the
nominal configuration. 24 mA/hour are injected into the system. An average of 23.5 mA/hour over
the three hours simulated is achieved.

3.37



3.4.3.4 Signal to Noise Ratio and Power

As the system uses high gain amplifiers, the dominant noise comgoném signal tanoise
ratio calculation is the noise coming frahe front-end amplifier. With 2 GHz of bandwidth and
80 °K temperature, thaoise power is86.3 dBm. The signalpower is calculatedusing the
measured impedance of the ltbp combinerboards, multiplied by the number of combiner
boards, and convoluted with the number density distribution fhenstackingsimulations. With
16 arrays at 15.8/eV, the signalpower is -80.8dBm; 4 arrays at3.8 MeV contribute-80.2
dBm. There is adequate signalioise forthe system in this configurationThe system design
described in th@revious sectiomsesslightly more tharb00 watts of poweafter two hours of
stacking, with 90 watts of the total in noise power.

3.4.3.5 Design Sensitivity

The performance of the stacktail system is dependent upon the momentum dispersion (since the
pickup sensitivity depends upon the position displacement) and ppdsipons. Simulationruns
have been done with variations in the dispersion and pickup position to quantify the sensitivity.

Two hour stacking simulations have been run with dispersion values of 8.1 m, 8rsl 18,9
m. Thepickups have been kept thie same physical locatiamith respect tadhe central orbit (at
14.7, -3.7,and -22 mm respectively)The electronipphase and gain settings were obanged.
Over the Zhourtime period, the stacking ratéor the 3 scenarios varied blessthan1%. We
conclude that small variations in thdespersion arounthe design goal o8.5 m shouldnot be a
significant problem.

The phase hand-off betwedag 1 and leg Zepends upotthe relativeposition, gain, and
phase othetwo legs. Displacement of théegs with respect tthe beam can change thgstem
performance. For example, assuthat the central orbit isot centeredhroughthe pickuptanks.

A coherent shift of the three pickigets is used teimulate thigpossibility. Alignmenterrors can
be simulated by moving the pickgets independently. Both scenariws/e been tested over a
+10 mm range of displacement. Figuf235 showsthe results of these simulations.
Displacements withied5 mm of the nominapositions, ineither leg orboth legs, lead to small
changes in the stacking rate. The stacking rate falls by factdrd ad 3 wherthe displacements
are extended t®©10 mm.
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Figure 3.35.The stacking rate as tip®sition ofthe pickupsets ismoved relative to the nominal
position. The open circles are moving Leg 2, keepieg 1 in the nomingbosition, the triangles

are moving Leg 1, keeping Leg 2 in the nomipasition, andhe diamondsare movingLegs 1
and 2 together.

3.4.4 Core cooling systems

3.4.4.1 Core cooling requirements

The core coolingystemsare required to provide teansversédeam size of I®@mm-mrad for
transfer tothe Recycler.The time allotted to achiewhis emittance is 5% of thetackingtime or
about 5 to 10minutes. Figure 3.36 showbe coretransverseemittanceduring stacking as a

function of stack size iRun Ib. At astack size of 10010 the emittance is 016to 1.0T1 mm-

mrad (6tto 10 mm-mrad normalized), whichmeets the Recycler criterion immediately after
stacking is turned off. Howevethe transverse coolingate will decrease because of the factor of
about 2 increase in the mixing parameféris fact should result in dactor of two reduction in
coolingrate, but it does ndbecause the core coolirgystem operates well belothie optimum
gain. While Figure3.36 provides a guidehere is no assurantdieat thetransverséneating of the
new stack tail system will be the same as the old sy§terauld be better oworsedepending on
construction details).
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Figure 3.36. Transverse emittance vs. stack size during stacking

There is no specific requirement on the longitudinal density obe¢laen. We do nagxpect to
be able to capture 100% of theam longitudinally in a 10 eV-sg@hase spacéur experience is
thatfor afixed longitudinal phasepacemore beam can be extracteith a larger stack than a
smallerone, but that the fraction of the stack that can be extradetteases monotonically with

stack size. If, for example, we start with a stack of1%f antiprotons and we stack additional

50x10™ antiprotons , then we must bble to captur®0% ofthe beam irorder to return to the

initial condition. The increase in the amount of beam captured with larger stacks, however, must be
balanced against the larggansverseemittanceand the frequency and duration wtansfers
required in order to maximize the efficiency of transfer to the Recycler.

During the course of Run 1b a@ariety of RF bucket areas wetsed for unstacking 6
antiproton bunches, but the total longitudinal phase space area was always 10 eléss#¢ Bhe
fraction of the antiproton stack extracted as a function of stack size for each size rf babkstns
in Figure 3.37. Figure 3.37 showshat the fraction of the antiproton stawkich is removed
during the course of unstacking decreases with increasing siiaek At anintensity of100x10°
antiprotons it is possible t@move 50 tc60% of the antiproton stack However, these results
were obtained long after the staelt system had been turnedf and weexpect at least a modest
decrease in cooling rate because of the increase in the nfxatgr. The stacksize, the
longitudinal emittance, and thensfer frequency wilkll be optimizedoperationally in order to
accumulate antiprotons at the maximum rate in the Recycler.
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3.4.4.2 Performance of the current 4-8 GHz systems

The currently installed core coolingystemsare characterized bpw gain (compared to the
optimum gain) at the low end of the frequency band and even lower gain at the high fresquancy
A measurement of signal suppression is shown in Figure 3.38. The measurement shows perhaps 1
dB of signal suppression (12% thfe optimum gain) a4.5 GHz. Ameasurement of thieansfer
function isshown in Figure3.39. The system gaindrops about 15 dB from 4 to &Hz. We
believe that the gain can be substantially increasedmipyroving the pickupresponse and
improving the method of signal transmission across the ring.
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3.4.4.3 Core cooling pickups and kickers

The core coolingickups and kickers do not have a unifaresponse ithe 4-8 GHz range.
The measured signal to noise ratio of skn mode fromthe core vertical PU ishown in Figure
3.40. The amplifier noise power is nearly independent of frequency, so thadiedte a decrease
in sensitivity of about 10 dB oveahe frequencyrange. The non-uniform responsenakes it
difficult to achieve the full cooling bandwidth of@Hz. The problem is particularly severe in the
kickers which have an additional 1/f factor in the frequency response taittsverse kiclapplied
to the beam.
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Figure 3.40. Signal to noise ratio measurement of the 4-8 GHz Vertical Core Cooling system.

We do not have a specifigroposal for improvinghe frequencyesponse othe 4-8 GHz
pickups. However, our wortith the Debuncheprototypesshows that high sensitivitycan be
achieved in this frequency range subjecthi requirements afost and space ithe lattice. We
intend to develop a practical plarhenthe design work ofthe stacktail cooling system isnore
advancedThe goal will be to increase the sensitivity at tbe frequency end by 3 dB and to
produce a pickup response that is flat to within 5 dB over the 4-8 GHz band.

3.4.4.4 Transmission of the 4-8 GHz signals

Aside from the pickup and kicker response, the most serious problem in shaping the gain of the
4-8 GHz cooling system ihe transmission ofhe signalacrossthe ring. The cableused for this
purpose has a variation in attenuation across the 4-8 GHz band of about 10 dB. While it is possible
to compensate thisss withequalizingfilters, the equalization achieved lisssthan perfect. The
measured gain of the electronicssisgown in Figure 3.4hndshows agenerally rising gain with
frequency. However, it ixlear from the sloping gain function (see Figur@.39) that the
equalization is far from perfect.
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Figure 3.41. Electronic gain of the core vertical system from 4-8 GHz.

A R&D program wasstarted in Februaryi996 to studythe possibility of transmitting
microwave signalsisingfree space laser opticechniqueslnitial calculationsshow that signal
transmission is indeegossible over distances of hundreds to thousands of feettethisique
will reduce the severity of the equalization problem in the Accumuatdris essentidbr the
Recycler stochastic cooling systems.

Wide band microwaveptical transmission habeen inuse atFermilab since théate 1980's.
Signal bandwidths exceeding 12 GHz have been transmitted over 6 kilometers of single mode fiber
with flat gain and phase response, plus minus 2 dB and 15 degrees ofTiegapenalty ofusing
fiber optic transmission links is @ominal 35-40 dB insertionloss due to matchinghetworks
between the microwave source/termination and the low impedance laser diode and paigaieoto
The insertion loss of the single mode fiber is ondraer of0.2 dB/kilometer anddoes noteffect
system performance fdne delays associatedth systems at Fermilal®Another consideration of
optical transmission techniques is the dynamic range requireientdevelopment of Distributed
Feedback Lasatiodes, DFB, hasicreased the dynamic range of lasgstems by providing a
monochromatic laser source that also suffers less from the dispersienfitfer opticwaveguide.
Dynamic range in excess of 40 dB is obtainable over moderate microwave bandwidths.

Unfortunately,the velocity of propagation on single mode fiber is approxim#&eéds that of
light in freespace. This slovpropagation makes it impossible gendstochastic cooling signals
across the ring in time synchrony with the beam. A solution utilizing free space propagation
solve this problem Externally modulatedasers do not havectave microwave modulation
bandwidths. Solidstate lasers are the only available source of wideband analogptical
transmission. Testing of free space opticatansmission usingfiber optic based optical
transmission links was started in February of 1996. A test at the A0 test facility with the help of the
University of Rochester graduastudents showethat a series ofbeam expanding telescopes
could be successfully employedrmake the fiber to free spatensition. The early test utilized
componentghat were not properlycoatedfor the 1310 nanometer wavelength of thaptical
system. Nonetheless successful transmission was madégbn tablewith acceptableesults for
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stochastic coolingystems. Based oaihis earlysuccessprocurement of catalog optical devices

with the proper wavelength coating was initiated. The fiber to free space expanders and telescopes
werereceived in the summer dB96. The bench test of theew optics proved tbave 10 times

less insertion loss than the original bench test from February.

Mechanical stabilityproved to bethe nextobstacle.The core of the single mode fiber is 9
microns indiameter making alignmenery sensitive to temperature variations amdrophonics.
The alignment stability of theystemcan be measured minutes, so somgpe of feed back is
required. Fortunately, our system is not the first to suffer fromptiolslem anccataloghardware
is available to remedy the alignment instability.

An additional requirement is that the free spp@pagation medium have an extremely stable
index of refraction, on the order tédn parts per million. This specification dictated by thé-20
picosecond delay stability requiréal 4-8 GHz bandwidth coolinglhe only conceivable means
of providing such atable medium is thase of anevacuated pip&vith end windows that are
transparent at 1310 nanometers. This requires some conventional construdtienpfacement of
optically flat pipes buried athe tunnel ceilingevel. ( There is insufficientime of flight in the
accumulator systems to come to the surface.)

A prototype system has been built, installed in the AccumulatoGKBcooling systems, and
tested in the summer of 1997. The optical system was installed as a parallel {haihitscould be
tested concurrently with normaperationsThe gainwas measured to b#at within +2 dB. The
optical system behaved as expected, but requemslization before becomingperational. We
plan to design the equalization when the new pickup and kicker assemblies are installed.

3.5 Unstacking Scenario

The scenario we propose for extracting antiprotons ftemAccumulator to the Recyclases
only the 2.5 MHz H=4 rf system.The frequency oftransferswill be determinedbased on
experience, but in this section we assume transfers abouttexehours.When the Accumulator
stack reaches Q0™ antiprotons intothe core, the injection of new beam pulses will be
interrupted and the core will bemediately adiabaticallpunched withthe H=4 RF system. The
2.5 MHz voltage will be raisecdiabatically to abou?50 Volts corresponding to #otal bucket
Area of 10 eV-sec irorder to capture about 4010 antiprotons.The four buncheswill be

acceleratedacrossthe aperturavith a synchronous phasangle of 3 while the voltagekeeps
increasing to 450 Volts. Ahe extraction orbit the bucket area will be ak®uteV-sec while the
longitudinal emittance of eadunch will be aroun®.5 eV-sec.The beam in eacbunchwill
occupy about 240 nsec out of 400 nsec leaving about 160 nsec for the extraction kicker rise time.

At this pointthe antiprotons will be transferred bucket to buckethte RecyclelRing. The
Recycler low level rf RRRF has opened a beam gap and has cogged the Recycler aa marker (RRaa)
to the gap.

The Accumulatosynchronizes téhe Recycler aa marker (RRaa) at the Recycler Revolution
frequencyFrr and the MILLRF andVIBS will also synchronize td-rr and RRaa.The required
Recycler voltage for a synchronous bucket to bucket transfer is 2.3 kV.

Following transfer, théccumulator will recommence stackimgth aninitial stack consisting

of the remaining 210" antiprotons. Assuming a stackingte of 2x10' antiprotons per hour
transfers will occur every 2 hr.

! With a 5 sec main ring repetition rate. A stacking rate of 9X¥kiur was achieved with a 2.4 sec repetition rate.
See M. Church, Pbar Note 560 (unpublished) for more details.

F. M. Bieniosek, K. Anderson and K. Fullett, Proc. 1995 US Particle Accelerator Conference. F. M. Bieniosek,
Fermilab-TM-1857 (1993).
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